Excessive neuronal activation by the excitatory amino acid transmitter glutamate induces neuronal injury and death that has been referred to as excitotoxicity (Olney et al., 1974; Nadler and Cuthbertson, 1980) . There has been particular interest in the molecular mechanisms of excitotoxicity, as excitotoxic damage may play a role in human disorders such as stroke, head trauma, and epilepsy (Choi and Rothman, 1990) . Clinical and experimental studies have implicated excitotoxic mechanisms in the neuronal damage associated with status epilepticus, a severe, sometimes life-threatening condition characterized by prolonged or repetitive seizures that are not followed by return to normal consciousness. Status epilepticus is often followed by extensive neuronal damage involving the hippocampus, other limbic structures, neocortex, and subcortical areas, and by cognitive deficits (Hauser, 1983) . Excitotoxic damage has been demonstrated in several experimental models of status epilepticus. In primates, prolonged seizures induce neural damage despite maintenance of systemic metabolic parameters in the normal range (Meldrum et al., 1973) . In rodents, intense electrographic seizure activity evoked by repeated frequent stimulation of the perforant path from the entorhinal cortex (EC) to dentate gyrus (DG) (10 set of 20 Hz stimulation per minute for 24 hr) also induces damage to neurons in the hilus of the DG (Sloviter, 1983 (Sloviter, , 1987 . In another rodent model, administration of kainic acid, an analog of the excitatory amino acid L-glutamate, induces intense acute seizure activity, which is accompanied by neuronal damage in CAl, CA3, the hilus of the DG, and other limbic structures (Nadler and Cuthbertson, 1980; Ben-Ari, 1985) . Brief treatment with phenobarbital, which suppresses the acute seizure activity in this model, prevents excitotoxic neuronal damage in the hilus ofthe DG, reduces associated mossy fiber sprouting, and reduces enhanced susceptibility to evoked seizures (Sutula et al., 1992) .
Although it is generally believed that brief sporadic seizures do not induce excitotoxic damage, human epilepsy is frequently associated with neuronal loss and gliosis in CA 1, CA3, and the hilus of the DG. This pattern of neuronal loss, which may variably involve other hippocampal areas, is referred to as hippocampal sclerosis, Ammon's horn sclerosis, or mesial temporal sclerosis, and is the most common neuropathological finding in human temporal lobe epilepsy (Babb and Brown, 1987; Gloor, 199 1) . For over a century, there has been controversy about hippocampal sclerosis as a cause or effect of the repeated, brief seizures that are a feature of temporal lobe epilepsy (Babb and Brown, 1987; Sutula, 1990; Gloor, 199 1) .
The distribution of neuronal loss in human hippocampal sclerosis resembles the pattern ofexcitotoxic neuronal loss observed in models of status epilepticus (Sloviter and Damiano, 1981; Ben-Ari, 1985) . It was of interest to determine whether repeated brief seizures, which are not accompanied by the systemic physiological and metabolic disturbances encountered in status epilepticus, might induce neuronal loss. In a previous study, we observed that brief seizures evoked by kindling, a model for the sporadic seizures that occur in human temporal lobe epilepsy (Goddard et al., 1969; McNamara, 1986) , induced progressive neuronal loss in the hilus of the DG (Cavazos and Sutula, 1990 ).
In the present study, we report that repeated kindled seizures induced progressive neuronal loss in the hippocampal formation in a pattern that closely resembles hippocampal sclerosis. Progressive neuronal loss was also observed in other limbic areas implicated in epilepsy, including the EC and endopyriform nucleus (EN), but was not detected in the somatosensory area of the neocortex.
Preliminary observations have appeared in abstract form (Cavazos and Sutula, 199 1) .
Materials
and Methods Kindling and surgical procedures Sprague-Dawley male rats (250-350 gm) were anesthetized with pentobarbital (60 mg/kg, i.p.) and stereotaxically implanted with an insulated stainless steel bipolar electrode for stimulation and recording. The electrode was implanted in the perforant path near the region of the angular bundle (8.1 mm posterior, 4.4 mm lateral, 3.5 mm ventral from bregma), in the amygdala (1.5 mm posterior, 4.2 mm lateral, 8.8 mm ventral from bregma), or in the olfactory bulb (9 mm anterior, 1.2 mm lateral, 1.8 mm ventral from bregma). After a recovery period of 2 weeks, the unrestrained awake animals received twice daily kindling stimulation (5 d per week) with a 1 set train of 62 Hz biphasic constantcurrent 1 .O msec square wave pulses. The stimulation was delivered at the lowest intensity that evoked an afterdischarge according to standard procedures (Cavazos et al., 199 1) . The electroencephalogram and afterdischarges were recorded from the bipolar electrode, which could be switched to the stimulator by a digital circuit for the delivery of the kindling stimulation.
The evoked behavioral seizures were classified according to standard criteria (Racine, 1972; Sutula and Steward, 1986) .
Rats received stimulation until three class V seizures were evoked. Another group received kindling stimulation until 30 class V seizures were evoked. A third group received kindling stimulation until 150 class V seizures were evoked. Control groups were normal age-matched rats and unstimulated rats implanted with electrodes for 3 months.
Histological procedures
At least 18 hr after the last seizure or after the period of control electrode implantation, the rats were deeply anesthetized and perfused transcardially with an aqueous solution of 10% (v/v) formalin in 0.9% (w/v) NaCl for lo-20 min. The brains were removed, postfixed for at least 10 d in same solution, dehydrated for 35 d in graded concentrations of alcohols, and then embedded in graded concentrations of low-viscosity nitrocellulose (celloidin) for 50 d. Embedding in low-viscosity nitrocellulose provides superior preservation of the neuronal architecture, and is particularly suitable for quantitative studies (Konigsmark, 1969) . Horizontal 20 pm sections were cut using a sliding microtome from the surface of neocortex throughout the most ventral hippocampus. All sections were retained and stored in 70% ethanol. Every fifth section was stained with cresyl violet, but additional sections were also stained to ensure that equivalent areas were available for quantitative assessment in each specimen. In a pilot study, this histological method resulted in about 40% brain shrinkage compared to the volume calculated immediately after perfusion; the amount oftissue shrinkage with this method is comparable to previous studies (Amaral, 1978) .
Neuron counting procedures
Locations for neuronal counting. Neuronal counts were obtained in the dentate gyrus (DG), hippocampus, entorhinal cortex (EC), the rostra1 endopyriform nucleus (EN), and somatosensory cortex (SSC) in horizontal sections at three standardized locations along the septotemporal (dorsoventral) axis of the hippocampal formation. The location of the regions assessed by stereological counting methods was identified by the following criteria.
(1) In a horizontal section about 800 pm ventral from the most dorsal hippocampus (Fig. l) , neuronal density was measured in the hilus of the DG, the stratum granulosum of the DG, and the SSC. At this septotemporal level, the polymorphic neurons in the hilus of the DG are enclosed in an oval ring formed by granule cells in the stratum granulosum. The neuronal density in the hilus of the DG was determined at this location by quantitative counting methods in our previous report (Cavazos and Sutula, 1990 ).
(2) In a horizontal section about 1000 wrn ventral from the most dorsal hippocampus (Fig. 2) , neuronal density was measured in the stratum pyramidale of the hippocampus proper (CA3c, CA3a, CA2, CAlc. and CAla). lavers 2 and 6 of the medial EC (MEC2. MEC6). and layers 2 and 6'ofthe lateral EC (LECZ, LEC6). At th'is septotemporal level, pyramidal neurons in CA3c are partially enclosed by granule cells in the stratum granulosum.
(3) In a horizontal section about 2800 pm ventral from the most dorsal hippocampus that included the motor nuclei of cranial nerves III and IV (Fig. 3) neuronal density was measured in the hilus of the DG, the stratum pyramidale of the hippocampus proper (CA3c, CA3a, CA2, CAlc, and CAla), layers 2 and 6 ofthe medial EC(MEC2, MEC6), layers 2 and 6 of the lateral EC (LEC2, LEC6), the stratum granulosum of the DG, and the rostra1 EN. In a few brains that were sectioned at a slight angle to the true horizontal plane, the EN was not present in this standardized section, as the EN is quite anterior to the motor nuclei of cranial nerves III, IV, and ventral hippocampus. In these cases, it was necessary to select a more ventral section to measure appropriately the neuronal density of the EN.
Quantitative counting methods. Accurate neuronal counting may be difficult due to errors introduced by double counting of neurons cut at the edges of sections, or systematic changes in tissue volume. Although stereological theory suggests that the most accurate neuronal densities can be obtained by counting nucleoli (Konigsmark, 1969) previous studies have revealed that approximately 40% of polymorphic neurons in the hilus of the DG in the rat contain multiple nucleoli (Cavazos and Sutula, 1990) . As counting nucleoli would thus result in falsely high neuronal densities, neurons were counted only if the nucleus could be identified in the section. Nuclear counts were obtained ipsilateral and contralateral to the stimulating electrode at the standardized locations identified by the criteria described in the previous paragraph, by manual counting with an eyepiece reticule (25 mmz). The investigator performing the counts was unaware of the identity of the sections, and the order of examination of the sections was randomized. In each reticule field, nuclei that overlapped the lower and left edges of the reticule were counted, but nuclei that overlapped the upper and right edges were not counted. In each location, the number of neurons and their relative position were recorded using a camera lucida, and were summed to obtain the nuclear count per reticule field. The magnification selected to obtain the nuclear count per reticule field at each location was selected to include lo-40 neurons as listed in Table 1 . In the hilus and stratum granulosum of the DG, and the rostra1 EN, two reticule fields were selected for each ipsilateral and contralateral location as indicated in Figures 1 and 3 . In pilot experiments, the nuclear counting procedure in this study had an interobserver variability of less than 10%; the intraobserver variability was 3% (Cavazos and Sutula, 1990) . Previous studies have revealed that these methods are quite sensitive for assessment of neuronal loss, which typically exceeds 15-20% before a lesion is reliably detected by visual inspection (Konigsmark, 1969; Cavazos and Sutula, 1990) .
Mean neuronal density (N,) for each counted region was calculated from the average nuclear count per reticule field (n,) obtained from the septal and temporal sections as defined in Figures l-3, according to the Floderus formula: N, = n, * t/(t + d -26), where N, is the corrected neuronal density, n, is the average nuclear count per reticule field, t is the section thickness, d is the average nuclear diameter at each of the counted regions, and b is a constant that represents the limit of optical resolution for each objective (Konigsmark, 1969; Cavazos and Sutula, 1990) . For this study, the constant b for each objective was as follows: 20x (NA. 0.75) b = 0.36 wm; 40x (NA 0.95), b = 0.28 pm; 100x oil immersion (NA 0.19) b = 0.19 pm (Konigsmark, 1969) . For each section, the thickness (t) of each section was also determined by measuring the distance between upper and lower focal planes of the section with the stage micrometer using the 100 x oil-immersion objective. The average nuclear diameter (d) for each cell population is provided in Table 1 . As the ratio of section thickness (t) to nuclear diameter (d) was always above 1.5 (range, 1.82-3. lo), the stereological assumptions of this method are valid (Clarke, 1992) .
Volume measurements. As systematic changes in tissue volume could alter the neuronal density, estimates of the volume of the hippocampal region (hippocampus proper, subiculum, and DG) were obtained ipsilateral and contralateral to the stimulating electrode using a stereological approximation method (West et al., 1978; Cavazos and Sutula, 1990 ). The volume was estimated by measuring the area of the hippocampal region of four horizontal sections (1000, 2000, 3000, and 4000 pm ventral to the most dorsal hippocampal section) using an image analysis At this septotemporal level, the polymorphic neurons in the hilus of the DG are enclosed in an oval ring formed by granule cells in the stratum granulosum. Neuronal density was measured at this location in the hilus of the DG, the stratum granulosum of the DG, and in layers 2 and 6 of the SK, at sites indicated by the asterisks. H, hilus of the DG, DC, stratum granulosum of the DG, SSC 2, layer 2 of the somatosensory cortex; SSC 6, layer 6 of the somatosensory cortex. Scale bar, 1000 pm. Figure 2 . Rcprescntative horizontal cresyl violet-stained section of the dorsal hippocampal formation and adjacent cortex of a normal rat about 1000 pm ventral from the most dorsal hippocampus. At this septotemporal level, pyramidal neurons in CA3c are partially enclosed by granule cells in the stratum granulosum. Neuronal density was measured at this location in CA3c, CA3a, CA2, CAlc, CAla, and layers 2 and 6 of both the medial and lateral EC, at sites indicated by the aslerisks. MECZ, layer 2 of the medial entorhinal cortex; MEC6, layer 6 of the medial entorhinal cortex; LECZ, layer 2 of the lateral entorhinal cortex; LEC6, layer 6 of the lateral entorhinal cortex. Scale bar, 1000 brn. Representative horizontal cresyl violet-stained sections of the ventral hippocampal formation, adjacent cortex, and the region of the rostra1 EN of a normal rat about 3600 pm ventral from the most dorsal hippocampus. The orientation of the two photomicrographs is indicated in the schematic diagram at the upper left. At this level the motor nuclei of cranial nerves III and IV are present. Neuronal density was measured in the hilus of the DG, the stratum pyramidale of CA3c, CA3a, CA2, CAlc, and CAla, layers 2 and 6 of both the media1 and lateral EC, the stratum granulosum of the DG, and the region of the rostra1 EN, at sites indicated by the asterisks. EN, endopyriform nucleus; lot, lateral olfactory tract; pc, pyriform cortex; III, nucleus of crania1 n. III; IV, nucleus of crania1 n. IV, other abbreviations are as in Figures 1 and 2. Scale bar, 1000 pm. system. The formula V= (A, + A,, ,)t/2 was used to estimate the volume between the sections, where V is the volume, A, is the area of the hippocampal region at a given level, A,, , is the area at the next level, and t is the distance between the two levels (West et al., 1978) . For each rat, the mean neuronal density (N,) at each location in the hippocampal formation was calculated according to the formula N, = N,* VJ V,, where V, is the estimated hippocampal volume of the given rat, and V, is the estimated mean hippocampal volume of control rats (Cavazos and Sutula, 1990 ).
Statistical methods. The differences in nuclear counts per reticule field (n,), mean neuronal densities (N,), and volume-corrected neuronal densities (NJ for each region were statistically analyzed using a general linear model for multiway analysis of variance (GLM-ANOVA, split plot). Confidence intervals were calculated for each of the significant variables (i.e., number of class V seizures) using a one-way ANOVA (Tukey's multiple comparison method), and were considered significant when p < 0.05. All measures reported in this study are expressed as mean f SEM.
Results
Neuronal densities (NJ were calculated from the average nuclear counts (n,) in 12 control rats and a total of 20 rats that experienced 3, 30, or 150 class V seizures evoked by kindling. As the differences in neuronal density as a function of the site of stimulation were not significant (p = 0.42, one-way ANOVA), rats stimulated in the perforant path, amygdala, or olfactory bulb were combined for further analysis. The group of rats with three class V seizures (N = 5) included four rats that received stimulation in the perforant path and one rat stimulated in the amygdala.
The group with 30 class V seizures (N = 6) included five rats that received stimulation in the perforant path and one rat stimulated in the amygdala. The group of rats with 150 class V seizures (N = 9) included three rats that received stimulation in the perforant path, three rats stimulated in the amygdala, and three rats stimulated in the olfactory bulb. The overall results were not changed if statistical analysis was restricted to rats that received only perforant path stimulation.
Calculated hippocampal volume
The average hippocampal volume of control rats was 20.9 + 0.6 mmj. For the group of rats that experienced three class V seizures, the average hippocampal volume was 2 1.3 + 1 .O mm3. For the group that experienced 30 class V seizures, the average hippocampal volume was 22.1 ? 0.8 mm3. After 150 class V seizures, the average hippocampal volume was 22.6 + 1.5 mm3.
Although there was a small increase in the calculated hippocampal volumes of these kindled rats perfused at 18 hr after the last seizure, this trend did not achieve statistical significance (p = 0.58, one-way ANOVA). As the results using volume-corrected neuronal densities (NJ did not differ significantly from the results using N, , the overall analysis was performed using n, and N,. The morphological parameters n, and N, are provided in Tables 2-5 .
Septotemporal variation of neuronal densities (NJ in normal rats
In agreement with previous studies (Amaral et al., 1990) , there were differences in the neuronal densities of limbic structures along the septotemporal axis of the hippocampal formation in normal rats (for a summary, see Table 6 ). In normal rats, the neuronal densities in the hilus of the DG, CA3a, and MEC6 were significantly higher in the temporal pole than in the septal pole. In contrast, the neuronal densities of CAla, MEC2, and LEC2 were higher in the septal pole than in the temporal pole.
Significant differences in neuronal density along the septotemporal axis were not noted in CA3c, CA 1 c, CA2, the granule cell layer of the DG, or LEC6.
Decreases in neuronal density (NJ as a function of evoked seizures There were progressive decreases in neuronal density in a variety of limbic structures as a function of increasing numbers of evoked seizures. With increasing numbers of evoked seizures, the neuronal densities (NJ progressively decreased in the polymorphic region of the hilus of the DG, CAlc, CAla, CA3c, CA3a, the stratum granulosum of the DG, CA2, MEC2, MEC6, LEC2, LEC6, and the rostra1 EN. Alterations in n, and N, were not observed in layer 2 or layer 6 of the SSC (for a summary, see Table 7 , Fig. 4 ). Neuronal loss after three class V seizures. The reduction in nj and N, was not equivalent in all locations (p < 0.001, GLM-ANOVA; see Table 7 , Fig. 4 ). After three class V seizures, there were significant reductions in N, , expressed as percentage of the control value, in the septal (dorsal) pole of the hilus of the DG (78%) the temporal hilus of the DG (76%) temporal CAla (82%) and temporal CA3a (83%). Neuronal loss after 30 class V seizures. After 30 class V seizures, there were significant reductions in N, in the septal hilus of the DG (63% ofthe control value), CA3c (73%) CA3a (83%) CAlc (79%), CAla (75%), MEC2 (77%) and LEC2 (76%). In the temporal location, there were significant reductions in N, in the hilus of the DG (61% of the control value), the stratum granulosum of the DG (83%), CA3c (740/o), CA3a (82%), CAlc (72%) CAla (68%) MEC2 (86%) LEC2 (73%), LEC6 (780/o), and the rostra1 EN (79%). After 30 class V seizures, the neuronal densities in the hilus of the DG and the pyramidal layer of CA3c and CAlc were significantly different from the neuronal densities in these locations after three class V seizures (one-way ANOVA, p < 0.05).
Neuronal loss after 150 class V seizures. After 150 class V seizures, there were significant reductions in N, in the septal location of the hilus of the DG (5 1% of the control value; Fig.  5A .B) MEC6 (79%), and LEC6 (8 1%). In the temporal location, there were significant reductions in N, in the hilus of the DG (54% of control value; Fig. 5C,D) , the stratum granulosum of the DG (80%) CA3c (71%), CA3a (78%) CA2 (83%), CAlc (62%; Fig. 6 ) CAla (56%; Fig. 7 ) MEC2 (78%) MEC6 (90%) and the rostra1 EN (78%). After 150 class V seizures, the neuronal density in the hilus of the DG, CA3c, CAlc, and CAla was significantly different from the neuronal density in these locations after three class V seizures (one-way ANOVA, p < 0.05). These results indicated that neuronal loss in these locations was progressive as a function of the number of seizures.
There were no significant differences between the neuronal densities obtained ipsilateral and contralateral to the stimulating electrode (Tables 2-5 ; p = 0.46, GLM-ANOVA).
The general results are summarized in Figure 4 .
Septotemporal variations in seizure-induced neuronal loss
The decreases in neuronal densities tended to be greater in the temporal pole than in the septal pole, as indicated by the ratio of septal to temporal neuronal density in DG, CAlc, and CAla. The ratio of septal:temporal neuronal densities in CAlc significantly increased as a function of the number of seizures (p < 0.028, F = 3.42, GLM-ANOVA; Table 3 , Fig. 6 ). This finding suggested that the temporal pole of CAlc was more vulnerable to seizure-induced neuronal loss than the septal pole.
Discussion
In this experiment, progressive decreases in neuronal density were observed in the DG, hippocampus, EC, and rostra1 EN after repeated brief kindled seizures. As there were no significant changes in tissue volume or differential shrinkage in control and kindled rats, the decreases in neuronal density most likely reflect neuronal loss induced by the repeated brief kindled seizures.
Many previous studies have not detected neuronal loss or structural lesions as a consequence of repeated brief kindled seizures (Goddard et al., 1969; Crandall et al., 1979; Sutula et al., 1988; Represa et al., 1989; Bet-tram and Lothman, 1993) . However, many of these studies did not employ histological and quantitative stereological techniques that enabled reliable detection of neuronal loss, or evaluated neuronal populations after only three class V seizures, when significant seizure-induced neuronal loss first becomes detectable by the methods employed in this study. The results of this study do not exclude the possibility that more subtle neuronal loss might be detected by more sensitive methods after only a few evoked seizures, or a single seizure.
These experiments demonstrated that repeated electrical stimulation that evoked kindled seizures in limbic pathways was sufficient to induce neuronal loss in a variety of limbic areas. It seems likely that the neuronal loss was the result of seizures rather than damage caused by direct effects of stimulation, as there was approximately equal neuronal loss ipsilateral and contralateral to the stimulating electrode in all regions selected for study. In support of this conclusion, previous studies have also demonstrated that kindled seizures rapidly activate hippocampal pathways bilaterally (Stringer and Lothman, 1992) , perhaps by the prominent commissural pathways which are a feature of the Sprague-Dawley rat.
Selective vulnerability of limbic structures to seizure-induced neuronal loss There were progressive seizure-induced decreases in the neuronal density of a variety of limbic structures, but the neuronal density of the SSC was not altered by as many as 150 seizures. These results demonstrated that the quantitative stereological methods of this study were not merely detecting a diffuse or global effect of repeated seizures on central neurons, but rather a specific vulnerability of certain neuronal populations to seizure-induced damage. In particular, there appears to be significant vulnerability of the neuronal populations in limbic structures such as the DG, hippocampus, EC, and rostra1 EN.
The present study extended our previous observations about the progressive loss of polymorphic neurons in the hilus of the Figure 4 . Progressive neuronal loss induced in limbic structures by repeated brief kindled seizures. The bars represent the average neuronal densities of the septal and temporal poles ipsilateral and contralateral to the stimulating electrode at each location, expressed as a percentage of the neuronal densities at equivalent locations in unstimulated electrode-implanted control rats. Significant differences (0.001 < p < 0.05) in the average neuronal densities are indicated by the stars. There were also significant reductions in the neuronal density in temporal regions of CAla and CA3a after three class V seizures, which are not reflected in the neuronal density calculated by averaging the septal and temporal densities (see text and Table 7 for details).
DG after 3 and 30 class V seizures (Cavazos and Sutula, 1990) . In the present study, the hilus of the DC and the temporal poles of CA lc, CAla, and CA3a were particularly vulnerable to seizure-induced neuronal loss. Neuronal loss was observed in these locations after as few as three class V seizures. At this time point, no other limbic structures evaluated in this study exhibited significant neuronal loss.
After 30 class V seizures, significant decreases in neuronal density were observed in the pyramidal layer of CA3c, CA3a, CAlc, CAla, layers 2 and 6 of the lateral EC, layer 2 of the medial EC, and the rostra1 EN. After 150 class V seizures, significant decreases in neuronal density were also observed in layer 6 of the medial EC, in the temporal stratum granulosum of the DG, and possibly also in temporal CA2. Although the statistical analysis included corrections for multiple comparisons, the significance level of the decrease in neuronal density in CA2 (p < 0.03) must be interpreted with caution. Nevertheless, the overall results demonstrated a hierarchy of selective vulnerability to seizure-induced damage in the limbic system, which progressed in a variety of locations in parallel with the continuing evolution of kindling. Neurons in the hilus of the DG were most vulnerable, followed by neurons in CAl, CA3, EN, EC, granule cells in the DG, and CA2.
Significant differences in neuronal densities as a function of stimulation site were not observed after 3, 30, or 150 class V seizures. However, the methods of this study do not exclude the possibility that at earlier stages of kindling there might be subtle differences in the regional patterns of neuronal loss that could reflect patterns of seizure propagation dependent on the specific circuitry activated by local stimulation of the perforant path, amygdala, or olfactory bulb.
In the hilus of the DG, the loss of polymorphic neurons was initially quite abrupt, with a 20% decrease in neuronal density after only three class V seizures. The decrease in neuronal density in the hilus reached 35% after 30 class V seizures, and was 48% after 150 class V seizures. In comparison, the onset of detectable neuronal loss was slower and of lesser magnitude in other limbic structures. This observation is consistent with previous evidence for a sensitive subpopulation of neurons in the hilus, which lack the calcium-binding proteins parvalbumin and calbindin and are exquisitely vulnerable to continuous seizures (status epilepticus) (Sloviter, 1989 Figure 5 . Neuronal loss induced in the DC by repeated brief kindled seizures. A, Higher magnification of the horizontal cresyl violet-stained section of the dorsal DG from the normal rat in Figure 1 demonstrates the normal distribution of neurons in the hilus and stratum granulosum at the septal pole of the hippocampal formation. B, Horizontal section at an equivalent location from a rat that experienced 150 generalized tonicclonic (class V) seizures induced by repeated kindling stimulation of the perforant path. There appears to be a reduction in the population of polymorphic neurons; stereological methods revealed an average 49% decrease in the polymorphic neurons at this site compared to controls. The neuronal density in the stratum granulosum at this level was not significantly different than controls. C, Higher magnification of the horizontal cresyl violet-stained section of the temporal pole of the hippocampal formation from the normal rat in Figure 3 demonstrates the distribution of neurons in the stratum granulosum and hilus of the DG at this level. D, Horizontal section of the temporal DG at an equivalent location from the rat that experienced 150 generalized tonic-clonic (class V) seizures (same rat as in B). There appears to be a reduction in the polymorphic neurons in the hilus; stereological methods revealed an average 46% decrease of neurons in the hilus compared to controls. The stratum granulosum appeared normal to visual inspection, but stereological methods revealed an average 20% reduction in the neuronal density in the stratum granulosum compared to controls. DG, stratum granulosum of the DG; H, hilus. Scale bar, 200 pm. Figure 2 demonstrates the normal distribution of neurons in the stratum pyramidale of CAlc at the septal pole of the hippocampal formation.
B, Horizontal section at an equivalent location from a rat that had experienced 150 class V seizures (same rat as in Fig. 5&D ). Stereological methods revealed an average 19% decrease in the neuronal density in septal CA lc compared to controls. C, Higher magnification of horizontal section in Figure 3 demonstrates the normal neuronal distribution of neurons in the stratum pyramidale of CA lc at the temporal pole of the hippocampal formation. D, A horizontal section of CA 1 c at an equivalent location from the rat that experienced 150 class V seizures (same rat as in B and Fig. 5B, D) . Stereological methods revealed that rats kindled to 150 class V seizures had an average 38OYo decrease in the neuronal density in temporal CAlc compared to controls. Scale bar, 200 pm.
There is heterogeneity ofthe transmitter systems in the limbic immunocytochemical techniques could further identify the neucircuitry that undergoes neuronal loss in response to repeated rons that are damaged by repeated kindled seizures (Kamphuis seizures. It is not possible by the methods of this study to deet al., 1986) .
termine more specifically the identity of the seizure-sensitive The observation of neuronal loss in the rostra1 EN is also of neurons in the limbic populations that undergo neuronal loss interest, as recent observations have suggested that neural cirduring the evolution of kindling. Additional experiments using cuitry in this region may play an important role in the initiation . Stereological methods revealed that rats kindled to 150 class V seizures had an average 25% decrease in the neuronal density of the stratum pyramidale in septal CAla compared to controls. C, Higher magnification of the horizontal section in Figure 3 demonstrates the normal distribution of neurons in the stratum pyramidale of CAla at the temporal pole of the hippocampal formation. D, A horizontal section of the CAla region at an equivalent location from a rat that experienced 150 class V seizures (same rat as in B and Figs. 5B,D; 6B,D). Stereological methods revealed that rats kindled to 150 class V seizures had an average 44% decrease in the neuronal density of the stratum pyramidale of temporal CAla compared to controls. Scale bar, 200 pm. ofepileptic activity in limbic pathways Gale, 1985, 1986; Racine et al., 1988; Hoffman and Haberly, 1991) . Additional studies will be necessary to evaluate more comprehensively the specific regions of this structure that may be affected by seizure-induced neuronal loss.
Septotemporal variation of neuronal densities in normal rats
In this study, there were distinct differences in neuronal density along the septotemporal axis in the hippocampal formation of normal Sprague-Dawley rats. The neuronal densities in the hilus P Figure 8 . Neuronal density in layers 2 and 6 of the SSC in normal and kindled rats. A, Higher magnification of the horizontal section of the dorsal hippocampal formation and adjacent neocortex of a normal rat in Figure 1 demonstrates the distribution of neurons in the layer 2 of SSC. B, A horizontal section of layer 2 of the SSC at an equivalent location from a rat that experienced 150 class V seizures induced by repeated kindling stimulation of the perforant path (same rat as in Figs. 5&D; 6&D ; 7&D). Stereological methods revealed that rats kindled to 150 class V seizures had a neuronal density that did not differ from controls. C, Higher magnification of the horizontal section of the normal rat in Figure 1 demonstrates the distribution of neurons in the layer 6 of SSC. D, A horizontal section of the layer 6 of the SSC at an equivalent location from the rat that had experienced 150 class V seizures (same rat as in B and Figs. 5&D; 6&D, 7&D ). Stereological methods revealed that the neuronal density at this location in rats kindled to 150 class V seizures did not differ from controls. Z, IZ, V, and VI indicate the cortical layers. Scale bar, 200 pm.
of the DC, CA3a, and layer 6 of the medial EC were significantly onstrated significant differences in the anatomical organization higher in the temporal pole of the hippocampal formation than of the hippocampus along its septotemporal axis in normal anin the septal pole. In contrast, the neuronal density in CAla imals (Amaral et al., 1990) . For example, the ratio of baskets and layer 2 of the medial and lateral EC was significantly higher cells to granule cells in the DG is about 1: 140 in the septal pole in the septal pole than in the temporal pole.
of the DG, but is only 1:220 in the temporal pole of the DG These observations confirm previous studies that have dem-(Seress and Pokorny, 198 1). In addition, the mossy fiber path-et al. * Neuronal Loss Induced by Kindling way does not project to the inner molecular layer in septal (dorsal) DG in the normal rat, but does innervate the inner molecular layer in the temporal (ventral) pole (Cavazos et al., 1992) . The functional effects of these differences in organization along the septotemporal axis are uncertain, but could influence information processing and epileptogenesis in hippocampal circuitry.
There are variations in physiological properties along the septotemporal axis. For example, there are differences in synaptic transmission along the septotemporal axis (Brazier, 1970; Ratine et al., 1977; Gilbert et al., 1985; Bragdon et al., 1986) . The relationship of these physiological differences to variations in anatomical organization along the septotemporal axis is unclear, but could influence the development of epilepsy, as the temporal pole is more vulnerable than the septal pole to the development of kindling (Racine et al., 1977) . The observation of greater vulnerability to seizure-induced neuronal loss in the temporal poles of the hilus of the DG and CAlc in rodents is also of interest, as the anterior pole of the human hippocampus (which corresponds to the rodent temporal pole) is frequently involved in human temporal lobe epilepsy, and may be more prominently involved in the lesion of hippocampal sclerosis (Babb et al., 1984) .
Relationship of kindling-induced neuronal loss to hippocampal sclerosis The lesion of hippocampal sclerosis, which is frequently observed in human epilepsy, is characterized by neuronal loss and gliosis in CAl, CA3, and the hilus of the DG (Margerison and Corsellis, 1966; Mouritzen Dam, 1980; Babb et al., 1984; Babb and Brown, 1987; Gloor, 199 1) . Recent morphological studies have demonstrated that this pattern of neuronal loss in humans with epilepsy is frequently associated with sprouting in the mossy fiber pathway and other neurotransmitter systems, as well as dispersion of granule cells in the DG that may indicate developmental abnormalities (de Lanerolle et al., 1989; Represa et al., 1989; Sutula et al., 1989; Houser et al., 1990; Houser, 199 1) .
In this study, repeated brief seizures evoked by kindling induced neuronal loss in the hippocampus and DG in a pattern that resembled the principal features of hippocampal sclerosis. In human epilepsy, neuronal loss may be observed in all subregions of the hippocampus (Rim et al., 1990) and usually affects the anterior pole most prominently, which corresponds to the temporal pole in the rat. The observations that repeated kindled seizures eventually induce neuronal loss in "resistant" neuronal populations such as granule cells in the DG and pyramidal neurons in CA2, and more prominently reduces neuronal populations in the temporal pole of the rat, thus have a remarkable parallel to human pathological observations. These observations suggest that kindling and human temporal lobe epilepsy could share common mechanisms, and also raise the possibility that kindling could play a role in the development and natural history of temporal lobe epilepsy.
Repeated kindled seizures in rats also induced neuronal loss in other limbic structures such as the EC and the rostra1 EN. These findings suggest that seizure-induced damage may not be limited to the hippocampus, and suggest the possibility that extrahippocampal limbic pathways may undergo structural reorganization as a result of repeated seizures. The neuronal loss induced in hippocampal and limbic circuitry by brief repeated seizures could also play a role in the memory and cognitive disturbances that are frequently encountered in temporal lobe epilepsy (Sutula, 1990) .
For over a century, there has been controversy about hippocampal sclerosis as a cause or effect of the repeated, brief seizures that are a feature of temporal lobe epilepsy (Babb and Brown, 1987; Gloor, 199 1) . The observations of this study provide strong evidence that repeated brief seizures induce hippocampal damage in a pattern that resembles hippocampal sclerosis, but do not exclude the possibility that neuronal loss and the associated sprouting, reactive synaptogenesis, and synaptic reorganization might also contribute to enhanced susceptibility to further seizures. The functional effects of neuronal loss, sprouting, alterations in inhibition, and the numerous cellular and molecular alterations in limbic circuitry associated with the development of seizures are extremely complex, and may vary dynamically during the generation of seizures in limbic circuitry reorganized by structural lesions and seizure-induced neuronal loss (Sutula et al., 1992) . This study has identified a variety of regions in limbic circuitry in which these complex issues might be addressed in an effort to understand the cellular and molecular processes that contribute to the disorder of temporal lobe epilepsy.
The present results are consistent with the possibility that excitotoxic mechanisms could contribute to neuronal damage in the limbic system in association with repeated brief seizures. The results provide a rationale for development of drugs that could reduce excitotoxic damage, and modify structural alterations induced by seizures in limbic circuitry. Previous studies have demonstrated that brief treatment that suppresses intense acute seizures in the kainic acid model of status epilepticus can modify excitotoxic damage in the DG, prevent reactive mossy fiber sprouting, and reduce susceptibility to chronic seizures (Sutula et al., 1992) . Therapeutic efforts to reduce excitotoxic damage after repeated brief seizures may also modify long-term structural and functional alterations in limbic circuitry that contribute to abnormal excitability in chronic epileptic models and human epileptic syndromes.
